The direct observation of amorphous barium carbonate (ABC), which transforms into a previously unknown barium carbonate hydrate (herewith named gortatowskite) within a few hundred milliseconds of formation, is described. In situ X-ray scattering, cryo-, and low-dose electron microscopy were used to capture the transformation of nanoparticulate ABC into gortatowskite crystals, highly anisotropic sheets that are up to 1 μm in width, yet only about 10 nm in thickness. Recrystallization of gortatowskite to witherite starts within 30 seconds. We describe a bulk synthesis and report a first assessment of the composition, vibrational spectra, and structure of gortatowskite. Our findings indicate that transient amorphous and crystalline precursors can play a role in aqueous precipitation pathways that may often be overlooked owing to their extremely short lifetimes and small dimensions. However, such transient precursors may be integral to the formation of more stable phases.
molecules.4 Mechanisms that underlie the formation of BaCO3 in these systems exhibit some similarities to pathways of CaCO3 crystallization, including the formation of amorphous precursors.5, 6 "Liquid-like" precipitates can form prior to crystallization of both CaCO3 and BaCO3 in confinement7, 8 or in the presence of charged polymeric additives.9 Solid amorphous calcium barium carbonate (ACBC) with equal parts barium and calcium have been synthesized.10 Intracellular calcium-and barium-containing amorphous carbonate precipitates have recently been found in many species of cyanobacteria,11 and particles of macromoleculestabilized amorphous barium carbonate (ABC) form in media containing suspended bacteria.12 However, there are notable differences between precipitation pathways in CaCO3 and BaCO3 systems.
Unlike amorphous carbonates of magnesium, calcium, manganese, iron, zinc, copper, cobalt, and radium,13-15 ABC has not been synthesized in bulk. ACBC with barium in excess of about 55 % cation fraction crystallizes rapidly,16 and no evidence of ABC was observed in synthetic liposomes,17 which reduce the rate of crystallization of ACC.18 Therefore precipitation pathways in the BaCO3 system may differ from those commonly observed in the CaCO3 system. Evidence for amorphous barium carbonate (ABC) was sought using in situ synchrotron X-ray scattering. High time resolution (Δt=100 ms after 10 ms dead time) was achieved by mixing 500 μL each of aqueous solutions of BaCl2 (1 M) and NaHCO3 (1 M) in a stopped-flow device, and passing the solution through a thin walled quartz capillary (di=0.8 mm; do=1.0 mm) in the X-ray beam path. Wide-angle (WAXS), medium-angle (MAXS), and small-angle (SAXS) X-ray scattering patterns were simultaneously acquired on three separate detectors (Supporting Figure   1) . Combined, the detectors capture scattered photons with scattering vector, q, over the range from 0.0020 to 4.50 Å −1 , corresponding to a real space distance dfrom about 0.1-300 nm. This enabled a detailed analysis of the evolution of the crystallinity and shape of precipitates at very early time points. WAXS patterns were not consistent with witherite, any known metastable BaCO3 phase, or a combination thereof.22-26 To better characterize this new phase, scattering data with higher resolution in q were acquired, using an acquisition time of 1 s at an interval of 60 s. For this purpose, 1 M aqueous BaCl2 (1 mL) and 1 M aqueous NaHCO3 (1 mL) were mixed ex situ, stirred gently for 30 s, and pipetted into the quartz capillary in the beam path. This procedure was necessary to avoid CO2 bubbles that formed after about 5-10 s in the stopped-flow mixing device and displaced the solution from the beam path, terminating the experiment.
Background-corrected WAXS patterns recorded under these conditions showed a number of sharp Bragg peaks even at the earliest time point (1 min, Figure 1 c) , including all peaks observed in patterns recorded with higher time resolution. A small amount of witherite was also present, and the intensity and number of peaks associated with witherite increased relative to that of the new phase over the next 24 minutes (Supporting Information, Figure S5 ). When the capillary was cleared with air, all diffraction peaks disappeared, indicating that the precipitation products were not tightly associated with the wall of the capillary. Taken together, the scattering data provides strong evidence that two metastable intermediates, ABC and a new crystalline phase, form prior to witherite under the conditions examined.
Owing to the short lifetime of the metastable crystalline material in solution, a bulk synthesis procedure was established. The method was similar to that described previously for the precipitation of amorphous carbonates.27 Briefly, ice cold aqueous solutions of 1 M BaCl2and 1 M NaHCO3 were rapidly mixed, filtered, washed with cold (ca. 0 °C) water, and dried under vacuum at ambient temperature. Power X-ray diffractograms (pXRD) of the resulting material were nearly indistinguishable from that obtained from in situ WAXS (Supporting Information, Figure S6 ), confirming that the transient crystalline phase observed in solution was preserved upon quenching and drying. SEM-energy dispersive spectroscopy (SEM-EDS) of bulk powders confirm that they contain carbon, oxygen, and barium, but no sodium or chlorine (Supporting Information, Figure S7 ).
Thermogravimetric analysis (TGA) further revealed the presence of structural water (Supporting Information, Figure S8 ) consistent with a chemical formula of BaCO3⋅H2O.
The presence of structural water was confirmed using vibrational spectroscopy (Figure 2 ). All modes were similar to those found in calcium carbonate hydrates.28 A broad peak at 683 cm is Raman active (Supporting Information, Figure S9 ). All water modes are significantly broadened, with asymmetric peaks or shoulders. This indicates that there may be several inequivalent lattice water sites and/or surface adsorbed water, and that some of these sites may be disordered.
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Vibrational spectroscopy of gortatowskite. IR spectra show the typical internal carbonate modes (ν1-ν4) and confirm the presence of structural water.
Internal carbonate modes, including the ν1 (symmetric stretch), ν2 (asymmetric bend), ν3(asymmetric stretch), and ν4 (asymmetric bend) were all active in both Raman and IR (Figure 2 , Supporting Information, Figure S9 ). All four were split, indicating that there are multiple inequivalent carbonate sites in the crystal structure. For example, the Raman ν1 exhibited at least five distinct Gaussian contributions (Supporting Information, Figure   S9 ).
To better understand the formation of this phase, solutions were plunge-frozen at the earliest time points accessible to us by this method (<5 s) and characterized using cryogenic scanning TEM (cryo-STEM). Images taken with high-angle annular dark-field (HAADF) contrast revealed approximately isotropic particles with dense cores and a rough surface, consistent with in situ SAXS data at 2-4 s (Figure 3 a) . At later time points (5-10 s), aggregates of ribbons or thin platelets were observed (Figure 3 b) . Quenching after 10 s produced faceted sheets that extend up to 1 μm in the lateral direction (Figure 3 c) . These sheets appear to align face-to-face. After approximately 30 s, acicular witherite crystallites appeared (Supporting Information, Figure   S10 ). Electron microscopy characterization of bulk precipitates. d) EELS spectrum of gortatowskite used to calculate the thickness of individual platelets. e) Aberration-corrected HR-STEM-ADF image of a platelet formed by bulk precipitation, showing lattice fringes over the entire crystallite. f) FFT of (e). g),h) SAED patterns of bulk-synthesized precipitates at 0° and 39° tilt angles, showing minimal qualitative change in the diffraction pattern. i) Bright field TEM image of of bulk-synthesized precipitate displaying the edge-on view of a precipitate stack with j) SAED taken from the area in the dashed circle.
Bulk powders imaged at ambient temperature were also composed of thin sheets (Supporting Information, Figure S6 ). The thickness of individual sheets was 10.5±2.5 nm (Figure 3 d) , as determined using electron energy-loss spectroscopy (EELS) in ambient-temperature STEM (Supporting Information). In TEM, selected-area electron diffraction (SAED) patterns that were recorded with the sheets in a "face-on" orientation did not change significantly when the stage was tilted up to 39°. This is a hallmark of very thin crystals (Figure 3 g,h) .29 In the rare case that stacks of platelets were oriented "edge-on", strong diffraction in the "in-plane" direction is SAED oriented "face-on" at 0° tilt exhibits in-plane d-spacing of 6.7 Å and 5.33 Å (Figure 3 g ).
"Edge-on" SAED (Figure 3 j) reveals a d-spacing of 6 .67 Å. Electron diffraction is consistent with WAXS and XRD of bulk powders. Indexing the powder pattern did not result in satisfactory fits for any crystal system with lower symmetry than monoclinic. Unfortunately, owing to a short life time, instability under the electron beam, and particle shape anisotropy of this phase, we have been unable to find a unique solution for the structure so far. However, a MAXS peak 26.2 Å, with harmonics at 13.1 and 6.7 Å that emerge after a period of growth, is consistent with ordered stacks of 6.7 Å thick platelets separated by interlayer water, which may account for the structural water observed in TGA and IR.
The foregoing evidence demonstrates that ABC is a highly transient precursor to a crystalline barium carbonate monohydrate that we refer to as gortatowskite. These findings show that there is a surprisingly rich chemistry hidden in plain sight in the BaCO3-H2O system. The combination of in situ techniques with high time and spatial resolution enabled deep insights into the pathway along which highly metastable precursors ABC and gortatowskite transform. Interestingly, this pathway bears strong resemblance to that observed in the calcium phosphate system,30 inasmuch as the temporal evolution from spherical amorphous particles to ribbons, plates, and acicular spherulitic crystals is also observed to occur in the same sequence. However, in the BaCO3 system these transformations occur at least three orders of magnitude faster. While the range of supersaturations over which the pathway described herein is active is still an open question, ABC and gortatowskite may frequently go undetected during the formation of barium carbonates owing to their transient existence.
